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CARMEN L. MILANES and REX L. JAMISON
Division of Nephrology, Stanford University School of Medicine, Stanford, California, USA
Effect of acute potassium load on reabsorption in Henle's loop in
chronic renal failure in the rat. To determine the effect of an acute load
of potassium on potassium reabsorption by the loop of Henle in chronic
renal failure, the right kidney was removed and branches of the left
renal artery were ligated in 17 rats. One week later and after 2 days of
a potassium-free diet, rats were studied before (period 1) and after
(period 2) acute loads of potassium chloride (KCI group), equimolar
sodium chloride (NaCl group) or no solute (time control). The KC1 load
increased urinary potassium excretion to a greater extent (from 5 to
50%, P < 0.005) than in NaCl (14 to 27%) or time control (9 to 14%), and
caused as great a diuresis and natriuresis as did NaCI. Fractional
delivery of water, sodium, and potassium to the end-proximal tubule
increased similarly in the NaC1 and KCI groups and slightly less so in
the time control group in period 2. The major finding was a striking
increase in potassium delivery to the beginning of the distal tubule (from
17 to 37%) in period 2 which was substantially greater than in the
combined control groups (13 to 19%, P < 0.025) and was equivalent to
three-quarters of urinary potassium excretion. This was the conse-
quence of an increase in the filtered load of potassium, an increase in
absolute delivery of potassium from the proximal tubule (P < 0.005),
and a decrease in fractional potassium reabsorption by the loop of
Henle from 64 to 48%, versus 72 to 69% in the control groups (P <
0.01). These results suggest that the proximal tubule and, in particular,
Henle's loop play a role in excreting an acute potassium load in chronic
renal failure.
Effet d'une surcharge potassique aigue sur Ia reabsorption dans l'anse
de Henle lors de l'insuffisance rénale chronique chez le rat. Afin de
determiner l'effet d'une surcharge potassique aiguë sur Ia reabsorption
du potassium par l'anse de Henlé en insuffisance rénale chronique, le
rein droit a etC enlevé et des branches de l'artère rCnale gauche liées
chez 17 rats. Une semaine plus tard, et aprés 2 jours d'un régime sans
potassium, les rats ont été dtudds avant (periode 1) et après (periode 2)
des surcharges aiguCs de potassium chloride (groupe KC1), de sodium
chloride (groupe NaC1) ou sans solute (contrôle temps). La surcharge
KCI a augmente l'excrCtion urinaire de K plus fortement (de 5 a 50%)
que les contrôles NaCl (14 a 27%) ou temps a 14%); et a entrainé une
diurèse et une natriurése aussi importante que le NaCI. La fraction
dClivrCe d'eau, de Na et de K au tubule proximal terminal a augmentC
de facon identique dans les groupes NaC1 et KCI, et légerement moms
dans le groupe contrôle temps a Ia période 2. Le résultat principal a etC
une augmentation trés forte du potassium délivré au debut du tubule
distal (de 17 h 37%) a Ia période 2, lequel était substantiellement plus
ClevC que dans les groupes contrôles combines (13 a 19%) (P < 0,025),
et étalt equivalent a trois quarts de l'excrétion urinaire de potassium.
Cela etalt Ia consequence d'une élCvation de la charge potassique
filtrCe, d'une augmentation de la quantitC absolue de potassium dClivrCe
a partir du tubule proximal (P < 0,005) et d'une diminution de Ia
reabsorption fractionnelle de potassium par l'anse de Henlé e 64 a 48%,
contre 72 a 69% chez les groupes contrôles (P < 0,01). Ces résultats
suggèrent que le tubule proximal, et en particulier I'anse de Henlé, joue
un role dans l'excrCtion d'une surcharge potassique aigue en insuffis-
ance rénale chronique.
Among the earliest observations indicating that urinary po-
tassium is not simply the unreabsorbed moiety of filtered
potassium were those made in patients with chronic renal
failure: Potassium clearance exceeded inulin clearance, which
meant that potassium had undergone secretion [1, 2]. Subse-
quent investigations confirmed these findings and provided a
strong basis for the view that potassium in the urine is secreted
by the connecting tubule, initial cortical collecting tubule, and
cortical collecting tubule [3—7], and, under some circumstances,
the inner medullary collecting tubule as well [8—10].
Studies from our laboratory, however, suggest that this view
must be modified [11—14]. They have led to the hypothesis that
potassium is reabsorbed normally from the collecting duct as
well as the thick ascending limb and secreted in the pars recta
and descending limb of the juxtamedullary nephron, that is, it
undergoes recycling in the renal medulla. When excretion of
potassium is increased by a potassium load, recycling of potas-
sium increases and the medullary interstitial concentration of
potassium rises [12, 13]. Stokes [15] suggested that the in-
creased interstitial potassium concentration inhibits reabsorp-
tion by the medullary thick ascending limb, and, as a conse-
quence, increases the delivery of potassium to the beginning of
the distal tubule. To test this hypothesis a load of potassium
chloride (KCI) was administered acutely to normal rats [14].
Associated with the increased potassium recycling there was an
enhanced delivery of potassium to the beginning of the super-
ficial tubule, which, if representative of the potassium flow to all
distal tubules, was enough to account for half the potassium
excreted in the urine. It was proposed that potassium recycling
results in a reduction in fractional potassium reabsorption by
the loop of Henle, enabling the loop to participate with the
distal and collecting tubule in accelerating the excretion of an
acute potassium load [14].
The purpose of the present investigation was to test this
hypothesis in chronic renal insufficiency.
Methods
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Preparation of animals
Seventeen Wistar rats (Charles River, Boston, Massachu-
setts, USA) of both sexes, weighing between 200 and 230 g,
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Table I. Body weights, ga
Group I (KCI) Group 2 (Control) Group 3 (NaC1)
N (sex) 8 (3M, SF) 4 (3M, iF) 5 (4M, IF)
W-L 218 15 205 7 228 22
W-RN 234 19 224 17 256 19
W-MP 244 22 240 25 268 15
Abbreviations: N, number; M, male; F, female; W-L, weight when
the ligation was performed: W-RN, weight when the right nephrectomy
was performed; W-MP, weight when the micropuncture was per-
formed.
a Values are mean SE.
were studied. They underwent three successive surgical opera-
tions, 2 weeks before, I week before, and on the day of
micropuncture. Table 1 summarizes body weights at the time of
each operation.
First operation: ligation of branches of the left renal artery.
Approximately 15 (14.6 0.27) days before micropuncture, the
rat was anesthetized with an intramuscular injection of
ketamine HC1, 60 mg/kg body wt (Parke-Davis, Morris Plains,
New Jersey, USA). The left kidney was exposed through a
midline abdominal incision and the renal pedicle was carefully
dissected free of surrounding adipose tissue. The lower pole,
upper pole, and posterior surface of the kidney were infarcted
by ligating the secondary and tertiary branches of the renal
artery with 7-0 prolene sutures, as described by Buerkert et a!
[161. After surgery, the rats were fed standard rat chow and
allowed water ad libitum. No antibiotics were used; every rat
survived.
Second operation: right nephrectomy. Approximately 8 (7.8
0.24) days before micropuncture and 7 (6.8 0.21) days after
the first operation, the rat was again anesthetized with ketamine
HCI and a right nephrectomy was performed [17]. After surgery
the rats were fed as before. The survival rate was 95%.
Third operation: micropuncture. One to two days before
micropuncture, the diet was changed to a potassium-deficient
diet (ICN Pharmaceuticals, Cleveland, Ohio, USA). In a pre-
liminary trial, rats were fed this diet for 3 days, as in our
previous study of rats with normal kidney function [14]. Plasma
potassium levels were found to be extremely low (1.0 to 1,5
mEq/liter), however, and the rats did not maintain an adequate
blood pressure during the micropuncture surgery. By reducing
the duration of potassium deprivation to 1 or 2 days, however,
low plasma and urine potassium values comparable to those
reported in our previous work [14] were achieved without
hypotension during micropuncture.
On the day of experiment the animals were anesthetized with
mactin, 100 mg/kg body wt (Byk Gulden Konstanz, West
Germany), and prepared for micropuncture of the renal cortex
[18]. Briefly, tracheostomy was performed, catheters were
placed in the right jugular vein for infusion of inulin, saline, and
electrolyte solution, in the left jugular vein for infusion of
lissamine green, in the right femoral artery for continuous
monitoring of blood pressure and sampling of blood, and in the
bladder for collecting urine. The rectal temperature was main-
tained at 37 to 38.5°C. In preparing the left kidney for micro-
puncture, care was taken to prevent excessive bleeding during
dissection of adhesions resulting from previous surgery. The
kidney was placed in a glass cup and bathed with mineral oil
maintained at 38°C. The cortical surface was illuminated by a
fiberoptic light guide (Scientific Instruments, Sunnyvale, Cali-
fornia, USA).
Experimental protocol
Each rat was given a priming load of inulin followed by the
infusion of normal saline at 0.03 mI/mm containing inulin in
sufficient amounts to maintain plasma levels at 100 to 300 mgldl.
The experiment was divided into two periods. Before period 1
an intravenous injection of 0.05 ml bolus of 3% lissamine green
(sodium concentration, 145 mM) was administered to reveal the
end of the accessible portion of proximal convoluted tubules
and the beginning of the accessible portion of the distal convo-
luted tubules. A map was drawn with the aid of reference spots
made with nigrosin.
Timed collections of tubule fluid were obtained from at least
two proximal and two distal tubules by micropuncture, as
described previously [18]. The average collection time was 2
mm. The diameter of the pipet tip used for proximal tubules was
8 to 10 m and for distal tubules 6 to 8 sm. Immediately after
each distal fluid collection was completed, an aliquot was
removed to determine osmolality. If the osmolality was not less
than that of plasma, the entire sample was discarded. This
criterion was used to insure that the collection site was near the
beginning of the accessible distal tubule. Less than 10% of the
samples had to be discarded. A blood sample was taken before
and after a micropuncture sample was obtained or every 30 mm,
whichever was more often. Urine specimens were collected
throughout the period.
At the beginning of period 2 the rats were divided in three
groups: One group (KCI), was administered KC1 at a rate of 72
mo1es/mmn/kg body wt added to the saline infusion. A second
group (NaCI control) received NaC1 at a rate of 72
JLmoles/min/kg body wt added to the saline infusion. In a third
group (time control), no solute was added to the saline solution.
After 60 mm (more precisely between 60 and 135 mm after the
onset of the KCI infusion), the puncture sites were relocated
and the same tubule segments were repunctured [18]. Plasma
and urine samples were collected the same way as in period 1.
Effects of ligation
After the experiment was finished, the kidney was inspected
and the amount of necrosis was recorded by a drawing. The
area of functioning kidney usually formed a central band with
scar tissue present on the posterior surface or at both poles.
Analyses
Urine and plasma sodium and potassium concentrations were
determined by flame photometry. The osmolality and inulin
concentration of tubule fluid, plasma, and urine were deter-
mined by methods previously described [19]. The plasma was
ultrafiltered and concentrations of sodium and potassium in
tubule fluid and plasma ultrafiltrate were determined using the
electron microprobe microanalyzer (JEOL 733) at the Center
for Materials Research of Stanford University, as previously
described [20].
The tubule fluid-to-plasma (TF/P) ratios of inulin and
osmolality and tubule fluid-to-ultrafiltrate (TF/UF) of sodium
and potassium were calculated. The percent of filtered water
remaining was calculated as: (P/TF) inulin x 100, The percent
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Table 2. Arterial pressure, hematocrit, and plasma electroIytes
MAP
mm Hg Hematocrit
Period 1 2 1 2 1
Plasma Na Plasma K
mEqiliter
2 1 2
NaC1 control (5)
Mean 133 133 41 41 144 154 2.33 2.29
SE 4.4 7.3 1.7 1.5 1.0 2.1 0.08 0.12
Time control (4)
Mean 129 109 43 41 144 145 1.93 1.90
SE 4.1 10.9 1.0 1.0 0.5 1.4 0.13 0.16
Combined control (9)
Mean 131 122 42 41 144 150b 2.15 2.12
SE 2.9 7.3 1.0 0.9 0.6 2.0 0.10 0.11
KC1 (8)
Mean 120 113 39 39 143 147b 2.03 7.44"
SE 8.2 5.4 2.0 2.1 1.1 1.2 0.16 0.68
P, Comparisons between groups
KCI vs. NaC1 NS <0.05 NS NS NS <0.01 NS <0.001
KCI vs. Time NS NS NS MS NS NS NS <0.001
KCI vs. Combined NS NS NS NS NS NS NS <0.001
a The number of rats is in parentheses.
P, Comparison of Period 2 with Period 1: b P < 0.05; P < 0.005; d p < 0.001.
Table 3. Kidney function
Absolute Absolute
Na K
GFR V Uosm
mOsmlkg FE2O FE Na
jd/min H20 % %
Period 1 2 1 2 1 2 1 2 1 2 1
FE K
%
2
excretion excretion
nEqimin
1 2 1 2
MaCI control (5)
Mean 738 691 8.2 30•3b 1124 779d 1.24 4.84a 0.27 5.64" 13.7 26.5 245 5470" 216 447
SE 141 98 2.5 6.2 104 100 0.33 1.16 0.12 1.24 5.5 5.8 108 1029 57 109
Time control (4)
Mean 840 632 10.2 9.6 1114 1019 1.20 1.60 0.13 0.53 8.7 14.3 87 269 83 135
SE 158 136 3.3 2.5 179 179 0.25 0.32 0.03 0.18 2.7 7.2 25 43 28 54
Combined control (9)
Mean 783 665 9.1 21.P 1120 886C 1.22 3.40a 0.20 337a 11.4 21.1 175 3158a 157 309
SE 100 77 1.9 5.0 91 99 0.20 0.85 0.07 1.11 3.2 4.7 64 1063 40 82
KCI (8)
Mean 608 704 11.0 395C 945 669 2.08 6.50 0.26 4.76" 5.0 502d 177 4144C 65 2952a
SE 87 174 1.9 5.3 136 33 0.38 1.00 0.09 1.18 1.1 7.3 70 790 13 930
P, Comparisons between groups
KC1 vs. NaCI NS NS NS NS MS NS NS NS NS NS NS <0.05 NS NS <0.01 NS
KCI vs. Time MS NS NS <0.005 MS <0.025 NS <0.01 MS <0.05 MS <0.02 NS <0.01 MS MS
KC1 vs. Combined NS MS MS <0.025 MS MS NS <0.05 MS MS MS <0.005 MS MS MS <0.01
Abbreviations and symbol: GFR, glomerular filtration rate; V, urinary flow, Uosm, urinary osmolality; FE, fractional excretion; SE, standard
error; ( ), number of rats in parentheses.
P, Comparison of Period 2 with Period 1: a P < 0.05; b P < 0.01; P < 0.005; d P < 0.001.
one proximal tubule value per period per animal. Data from
individual distal tubule fluid samples were treated in the same
way. Differences in values between individual paired proximal
tubules in periods 1 and 2 were calculated for each variable.
of filtered sodium or potassium remaining was calculated as:
[(TF/UF)X/(TF/P)11] x 100 where X is Na+ or K+.
Values for osmolality, TF/P inulin and TF/UF sodium and
potassium of samples from individual proximal tubules were
combined and the average value of each variable was treated as Data from distal tubule paired re-collections were treated
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Table 4. Micropuncture results
TF, tubule fluid; si, standard error.
similarly. Statistical analysis of differences between periods 1
and 2 for each group was done as follows: First, the mean value
of each parameter for the two control (time control and NaC1)
groups was compared using the Student's t test for nonpaired
comparisons. If the difference was not significant (P  0.05),
then the two control groups were combined and the mean value
for each parameter was compared to the corresponding value in
the experimental (KC1) group using both the Student's t test for
unpaired groups and the analysis of variance [21]. In each
instance, if the difference was significant by the Student's t test,
it was also significant by the analysis of variance. Second, if
there was a significant difference between the mean value of the
two control groups for a given parameter, then the control
groups were not combined but compared separately with the
experimental group using the analysis of variance.
Reabsorption by the loop of Henle of the load delivered from
the proximal tubule (in percent) was calculated for each animal
from the mean of the difference between values obtained at the
proximal and distal puncture sites according to the formula,
[(Prox-Dist)/Prox] x 100, where Prox represents the mean
value for the fractional delivery of water, sodium, or potassium
from the end-proximal tubule and Dist represents the mean
value for fractional delivery of the corresponding variable to the
beginning of the accessible distal tubule. Statistical compari-
sons were made between means of the two periods in each
group and between groups in each period.
Results
Plasma and urine
Mean arterial pressure, hematocrit, and plasma electrolytes
are shown in Table 2. Blood pressure declined in the time
control and KCI groups in period 2. Hematocrit remained
unchanged. Plasma sodium concentration rose in the NaC1 and
KCI groups, more so in the former. Plasma potassium, which
was low in all groups in period 1, increased strikingly in period
2 after KCI loading but did not change significantly in either
control group.
Values for kidney function are summarized in Table 3.
Glomerular filtration rate was reduced to about one-third of the
normal value for two kidneys. There were no differences among
groups in period 1 in GFR, urinary flow, and osmolality, or
fractional excretion of sodium or potassium. The relatively low
urinary potassium excretion reflected the potassium deprivation
prior to experiment. In period 2, there were no significant
changes in GFR. Urinary flow and FEH2O increased in both
NaCl and KC1 groups, but not in the time control group. The
acute load of KC1 increased FENa to nearly the same extent as
did the acute NaCl load. Potassium excretion increased sharply
after the KC1 loading in period 2, as expected.
Micropuncture results
Table 4 summarizes single nephron glomerular filtration rate
(SNGFR) and fractional deliveries at the end of accessible
proximal tubule and at the beginning of the accessible distal
tubule. The SNGFR determined in the distal tubule (not shown)
was not different from SNGFR determined in the proximal
tubule for each period in each group. There were no differences
in SNGFR among the groups in either period.
End of accessible proximal tubule. The corresponding values
for fractional delivery of water, sodium, and potassium among
the NaCI, time control and KC1 groups in period 1 agree well. In
period 2, the fractional delivery of water, sodium, and potas-
sium increased in the NaCl control group, confirming the well-
SNGFR
accessible tubule
Beginning of accessible distal tubule
proximal
TF0,m
mOsm/kg FD H20 FD Na FD KFD H20 FD Na FD K
ni/mm % % % H20 % % %
Period I 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
NaCI control (5)
Mean 33 35 41 62" 38 59C 43 69 184 197 17 34 5.2 14.5 12.5 20.8
SE 7.0 12.3 4.2 7.2 4.0 6.8 4.5 8.5 19 14 2.0 5.9 1.9 2.9 3.7 2.6
Time control (4)
Mean 29 20 39 50 38 49 49 54 193 221 19 24 5.4 11.l 12.9 16.7
SE 9.9 3.8 4.6 10.0 4.7 9.2 4.4 8.9 13 15 3.3 3.2 1.3 2.1 1.1 4.5
Combined control (9)
Mean 31 28 40 57C 38 54d 46 62 188 208 18 30 5.3 13.0c 12.6 19.0
SE 5.5 7.2 2.9 5.9 2.8 5.4 3.1 6.3 12 10 1.7 3.8 1.1 1.9 2.0 2.4
KC1 (8)
Mean 31 26 42 63 42 63 47 68 224 238 25 37 10.1 18.7" 17.0 37.2"
SE 4.5 4.6 5.4 5.4 5.9 6.0 8.5 6.7 14 11 5.4 4.3 3.9 4.8 4.7 7.0
P, Comparisons between groups
KCI vs. NaCI NS NS NS NS NS NS NS NS NS <0.05 NS NS NS NS NS NS
KCI vs. Time NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
KCI vs. Combined NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS <0.025
Abbreviations: SNGFR, single nephron glomerular filtration rate; FD, fractional delivery;
P, Comparison of Period 2 with Period 1: a P < 0.05; bP < 0.01; P < 0.005; d p < 0.001.
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Fig. 1. Fraction of filtered sodium delivered (in percent) to end of
accessible proximal tubule (Prox), beginning of accessible distal tubule
(Dist), and final urine in periods I and 2. NaCI control animals received
NaCl at a rate of 72 moles/min/kg body wt added to the saline infusion
in period 2. Time control animals had no solute added to the saline
infusion in period 2. Combined control illustrates the results of the NaC1
and time control groups combined. The KCI group received KCI at a
rate of 72 moles/min/kg body wt in the second period. The vertical
bars represent 1 SE. Statistical comparisons are between each control
group and the KCI group. Symbols are: El, NaCl control; Li, time
control; Li, combined controls;•, KCI.
known effect of extracellular fluid volume expansion [22] (Figs.
1 and 2). The increase in fractional delivery of water, sodium,
and potassium in period 2 after KCI was almost identical to that
obtained after NaC1. In contrast, the changes in delivery to the
end-accessible proximal tubule in period 2 in the time control
group were not statistically significant. The potassium concen-
tration in the proximal tubule fluid rose in parallel with the
plasma potassium (Table 5).
Beginning of accessible distal tubule. The low tubule fluid
osmolality (Table 4), low sodium and potassium concentrations
(Table 5), and the values for fractional deliveries of water and
sodium (Table 4) all attest that the puncture sites were near the
beginning of the distal tubule. There was also remarkably
uniform agreement among the three groups for corresponding
values for osmolality, sodium and potassium concentrations of
fractional deliveries of water, sodium, and potassium in period
1. In period 2, there was a similar increase in FD H20, and FD
Na to the beginning of the distal tubule in all groups (Table 4),
but in absolute terms the delivery of water and sodium was less
in the KCI group than in either control group (Table 6).
Fractional delivery of potassium increased from 13 to 17% in
the time control and from 13 to 21% in the NaCl group, but
more than doubled from 17 to 37% after KC1 loading (Table 4
and Fig. 2), a significantly greater increase than that in the
control groups combined (P < 0.025), In absolute terms, the
delivery of potassium increased more than threefold in the KC1
group but did not increase in the control group (Table 6) (P <
0.02, KC1 vs. combined groups). Data for individual distal
tubule values are illustrated in Figure 3. The potassium concen-
tration in fluid at the beginning of the distal tubule was nearly 10
mEq/liter, more than five times the value in the control groups
(Table 5) (P <0.001).
Reabsorption in Henle's loop. Fractional reabsorption of
Fig. 2. Fraction of filtered potassium delivered (in percent) to end of
accessible proximal tubule (Prox), beginning of accessible distal tubule
(Dist), and final urine in periods I and 2. Statistical comparisons are
between each control group and the KCI group. See the legend of
Figure 1. Symbols are: Li, NaCI control; Li, time control; El, combined
controls;•, KCI.
water, sodium, and potassium by Henle's loop is summarized in
Table 7 and illustrated in Figure 4. Reabsorption of water was
unchanged, while that of sodium declined slightly in all groups,
significantly so in the time control group. Fractional potassium
reabsorption declined slightly but not significantly in each of the
control groups, but fell substantially from 64 to 48% after the
KCI load, a significantly greater fall than in either control group.
Discussion
Experimental protocol
The preparative surgery resulted in a residual renal function
of about 30% of normal as judged by the GFR. The infusion rate
of KCI increased urinary potassium excretion to a value about
the same in fractional terms but substantially less in absolute
terms (approximately half as much) than that achieved in our
study of rats with normal renal function [14]. Similar findings
have been reported recently in humans [23].
Two control groups were employed. Although the diuretic
and natriuretic effects of potassium salts have been shown to be
caused by a direct action of potassium on the normal kidney and
not attributable to the accompanying anion [24—28], they have
not been studied so thoroughly in renal insufficiency. One
control group was therefore given extra NaCl in period 2
equivalent to the KCI load in the KC1 group. A disadvantage of
this design is that an effect of potassium might be obscured if
sodium has the same effect. Since the infusion of sodium is
known to cause extracellular fluid volume expansion [22], a
second group (time control) was studied in which no extra
electrolyte load was given in period 2.
In our previous study of normal rats [14], plasma protein from
litter mates was infused to offset the loss of plasma protein
which occurs in normal rats anesthetized and subjected to
surgery necessary for micropuncture [29]. We did not infuse
plasma protein in the present study because the extent of
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Table 5. Electrolyte concentrations in tubule fluid
End of accessible proximal tubule Beginning of accessible distal tubule
Na, mEqiliter K, mEqiliter Na, mEqiliter K, mEqiliter
Period 1 2 1 2 1 2 1 2
NaC1 control (5)
Mean 136 145 2.86 2.78 39 63C 1.85 1.76
SE 6.7 3.9 0.12 0.19 10.2 6.1 0.33 0.30
Time control (4)
Mean 132 132 2.54 2.34 38 62C 1.49 1.40
SE 4.0 2,7 0.14 0.20 6.4 6.6 0.28 0.24
Combined control (9)
Mean 134 139 2.72 2.59 38 63d 1.69 1.60
SE 4.0 3.3 0.10 0.15 6.0 4.2 0.22 0.20
KC1 (8)
Mean 125 l38' 2.56 8.53C 45 66a 1.73 954a
SE 5.0 3.0 0.13 1.43 8.2 5.7 0.31 2.66
P, Comparisons between groups
KC1 vs. NaC1 NS NS NS <0.01 NS NS NS <0.05
KCI vs. Time NS NS NS <0.02 NS NS NS NS
KCI vs. Combined NS NS NS <0.001 NS NS NS <0.01
P, Comparison of Period 2 with Period 1: a P < 0.05; b p < 0.01; C P < 0.005; d P < 0.001.
Table 6. Absolute delivery rates
End of accessible proximal tubule Beginning of accessible distal tubule
H20, ni/mm Na, pEqimin K, pEq/min H20, ni/mm Na, pEqimmn K, pEqlmin
Period 1 2 1 2 1 2 1 2 1 2 1 2
NaCI control (5)
Mean 12.0 19.3 4338 5081 93 99 6.4 13.Oa 1443 2456 77 70
SE 2.5 4.6 913 1764 19.7 32.6 0.9 2.7 419 374 23.0 18.5
Time control (4)
Mean 10.3 10.0 3859 2547 74 43 6.9 10.5 1378 2711 66 60
SE 2.3 3.2 1381 510 26.8 7.1 1.3 3.3 230 765 29.5 20.4
Combined control (9)
Mean 11.2 15,2 4125 3955 85 74 6.6 ll.9a 1414 2569 72 65
SE 1.6 3.2 746 1052 15.4 20.0 0.7 2.0 240 372 17.2 13.0
KCI (8)
Mean 11.9 14.8 3284 2927 79 l88 8.2 9.4 1511 1573 67 2lSa
SE 1.4 2.4 354 523 13.2 30.7 1.3 1.5 364 143 18.4 57.9
P, Comparisons between groups
KCI vs. NaCI NS NS NS NS NS NS NS NS NS <0.05 NS NS
KCI vs. Time NS NS NS NS NS <0.01 NS NS NS NS NS NS
KCI vs. Combined NS NS NS NS NS <0.01 NS NS NS <0.05 NS <0.02
P, Comparison of Period 2 with Period I: a P < 0.05; b P < 0.005.
plasma protein loss in rats with remnant kidneys under similar
experimental conditions is unknown. Furthermore, the infusion
of plasma protein itself is associated with the suppression of
proximal reabsorption [14]. Because fractional sodium and
potassium reabsorption in the proximal tubule is known to be
suppressed in the remnant kidney [16, 301, infusing plasma
protein would further reduce an already diminished proximal
reabsorption.
Effect of KCI on urinary excretion (Table 3). In period 1 the
animals were conserving sodium and potassium and concentrat-
ing their urine. Urinary flow and sodium excretion increased
after KCI loading to the same extent as after NaCl loading,
confirming the diuretic and natriuretic effect of KCI [24—28]
without elucidating whether in moderate renal insufficiency it
was the potassium or chloride ion which is responsible. The
increase in potassium excretion in period 2 in the KC1 group
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Fig. 3. Delivery of potassium (in percent of filtered load) to the
beginning of the distal tubule in period 1 before (to the left of time zero)
and in period 2 after (to the right of 60 mm) the acute infusion of KCI
(top panel), time control (middle panel), or acute infusion of NaCI
(bottom panel). Values for individual tubules are displayed. The lines
connect re-collection from the same tubule site in the two periods. The
mean values for FDK (mean sa) in period I were 19.8 5.8% for
KCI—14.8 3.2% for KCI if the tubule fluid value at the top of the
panel is eliminated—12.8 1.2% for time control, 10.8 2.8% for
NaCl, and 11.8 1.6% for combined control. There were no significant
differences among these groups in period I. The mean values in period
2 were 40.0 6.9% after 60 mm of KCI infusion—36.4 6.6% for the
KCI group if the tubule fluid value at the top cf the panel is eliminated—
14.7 3.2% for time control; 19.2 2.3% for NaCI, and 17.1 1.9%
for combined control. The values for KCI group with or without the top
value are statistically significantly greater than either control group
alone or combined.
was (as intended) substantially greater than that in the control
groups.
H20
%
Na
%
K
%
Period 1 2 1 2 1 2
NaCI control (5)
Mean 56
SE 3.7
43
10.2
86
4.7
74
6.1
72
7.3
69
3.6
Time control (4)
Mean 50
SE 7.5
48
7.4
85
3.3
75
4.9
73
2.2
69
5.4
Combined control (9)
Mean 53
SE 3.8
45
6.2
86
2.8
75
3.8
72
4.0
69
2.9
KCI (8)
Mean 44
SE 6.5
42
5.8
78
6.3
72
5.6
64
6.3
48b
6.1
P, Comparisons between groups
KC1 vs. NaC1 NS
KCI vs. Time NS
KCI vs. Combined NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
<0.05
<0.05
<0.01
Fig. 4. Reabsorption of sodium and potassium by ioop of Henle
expressed as a percentage of load delivered from the proximal tubule.
Sodium reabsorption is depicted by the two sets of four bars at the left
and potassium reabsorption by the two sets of four bars at the right.
Statistical comparisons are between each of the control groups and the
KCI group. See the legend of Figure 1. Symbols are: , NaCI control;
j time control; , combined controls;I, KCI.
KCI Table 7. Reabsorption in Henle's loop
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Effect of KCI on tubule reabsorption (Table 4)
Proximal tubule. Fractional delivery of water, sodium, and
potassium to the end of the accessible proximal tubule was
comparable to that in rats with intact kidneys, but less than that
reported by Buerkert et a! [16] in rats with a remnant kidney.
One important difference between their experiments and the
present ones, however, is that only superficial proximal and
distal tubules were punctured in the present experiments. In
their study two to three loops of Henle and two pairs of
collecting duct samples were punctured in the exposed papilla
before the superficial tubule segments were punctured, allowing
an estimated 30 to 60 mm of additional saline infusion before
micropuncture of the cortical tubules began, which might have
further suppressed proximal reabsorption.
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in period 2, fractional delivery of water, sodium, and potas-
sium all increased significantly after KCI or an equimolar
amount of NaCI. The effect of NaCI reflects expansion of the
extracellular fluid volume [22]. The effect of KCI could either be
due to the potassium or chloride ion, but in the light of studies
in normal animals [14, 24—28], is probably an effect of potas-
sium.
Loop of Henle. Fractional delivery of potassium to the
beginning of the distal tubule in period 1 in the remnant kidney
was identical to that in rats with normal kidneys [14]. In period
2, fractional delivery of potassium more than doubled in the
KCI group to 37% (Figs. 3 and 4), a value which to our
knowledge is the highest reported value for potassium entering
the distal segment of normally functioning renal tubules. Previ-
ous values in rats with diminished functioning renal mass range
from 11 to 26% [16, 30—32], but, with one exception [30], an
acute potassium load was not administered. Bank and Aynedj-
ian [30] studied three rats with a remnant kidney infused with
KC1. In the first 25% of the distal tubule, FDK averaged 14%
(range, 9 to 26%) which was not different from rats not infused
with KC1. The rate of KCI infusion, however, was less than half
that used in the present study and the mean plasma potassium
concentration rose only to 5.9 mEq/liter. It is now well estab-
lished that potassium secretion occurs in the connecting tubule,
initial cortical collecting tubule, and, in some instances, the
inner medullary collecting tubule in response to an increased
potassium load in the normal kidney [4—7, 33]. In all likelihood
the same is true in the remnant kidney [29—32]. The extent to
which potassium delivery to the end of the accessible distal
tubule was increased by potassium secretion was not deter-
mined, however, because the tubule site beyond the loop where
potassium was secreted and the extent to which secretion was
augmented was not the objective of the present study.
Although the cause of the increased potassium delivery to the
distal tubule is not disclosed by these experiments, several
possibilities should be considered. Combining the values for
plasma potassium concentration (Table 2), GFR (Table 3), and
FDK (Table 4), one can calculate that the filtered load of
potassium was increased fourfold and the absolute delivery rate
to the end-accessible proximal tubule increased from 0.58 to
3,56 .tmoles/min after the KCI infusion. If the mass flow of
potassium is augmented 15% by potassium secretion in the pars
recta [34—36] and descending limb, it will be approximately 4
.rmoles/min (compared to 0.67 in period 1) and the tubule fluid
potassium concentration would be approximately 16 mEq/liter
(compared to 4.0 in period 1) at the beginning of the thick
ascending limb.' These values for flow and concentration of
potassium suffice to account for the respective values at the end
of the thick ascending limb of a mass flow of 1.94 pmoles/min
(increased from 0.21) and concentration of 9.54 mEq/liter (from
1.7 in period 1). In fact it is clear that the thick ascending limb
must have reabsorbed more potassium after KCI loading (4.0 —
'in this example the values for tubule fluid concentration and flow of
potassium in the superficial nephron are taken as representative for all
nephrons. It is recognized that the respective values for flow and
concentration of potassium entering the thick ascending limb of the
juxtamedullary nephron are likely higher than in the superficial nephron
[11—13, 351, but the argument is still valid.
1.9 = 2.1 rmoles/min) than before (0.67 — 0.21 = 0.46). It may
appear paradoxical, therefore, to suggest that diminished net
potassium reabsorption by the loop of Henle (Table 7 and Fig.
4) played a role in the increased potassium delivery to the distal
tubule. Stokes [is], however, demonstrated that if the medul-
lary thick ascending limb was perfused in vitro with fluid
containing a high potassium concentration (25 mEqlliter) in a
bathing medium of 5 mEq/Iiter, the fractional as well as absolute
potassium reabsorption was enhanced. (If the transepithelial
gradient for potassium was reversed, the direction of potassium
movement was reversed to net secretion [6]). Moreover, as
noted above, the classic view is that potassium delivery to the
beginning of the distal tubule is unaffected by acute changes in
potassium balance [3—6]; in other words, if potassium delivery
from the end proximal tubule was enhanced, absolute potas-
sium reabsorption by the loop of Henle should have increased
commensurately to prevent an increase in potassium flow out of
the loop of Henle. Thus, decreased fractional reabsorption of
potassium by Henle's loop appears to play a role in the
enhanced potassium delivery to the distal tubule.
It seems likely, as in rats with normal kidney function infused
acutely with potassium [14], that medullary recycling of potas-
sium played a role in the reduced fractional potassium reabsorp-
tion in the loop of Henle—by causing increased potassium
secretion in the pars recta and descending limb and diminished
potassium reabsorption in the thick ascending limb. This ena-
bles the proximal tubule and, in particular, the loop of Henle to
be coupled to the distal portion of the renal tubule in excreting
the excess potassium. In circumstances of a reduced function-
ing renal mass, this coupling may be especially important. The
principal site which responds to acute potassium loading is the
distal nephron where potassium secretion is stimulated. We
suggest that medullary recycling of potassium augments this
process in two ways: First, potassium which leaks out of the
medullary collecting duct is trapped by countercurrent ex-
change and re-enters the nephon upstream in the pars recta or
thick ascending limb. Secondly, the elevation of potassium
concentration in the medullary interstitium may require only a
modest backleak of potassium, but the inhibitory effect on net
K reabsorption by the loop of Henle may be greater than that
which leaked back—a positive feedback which accelerates the
excretion of an acute potassium load.
If medullary recycling of potassium is important in the
excretion of an acute potassium load, this might account for the
otherwise puzzling finding that in certain kidney diseases there
is a reduced ability to excrete acute potassium loads despite an
apparently adequate glomerular filtration rate. Examples of
kidney disease in which this phenomenon has been observed
include sickle cell nephropathy [37], interstitial nephritis
[38—41], lupus nephritis [42], obstructive uropathy [23], poly-
cystic kidney disease [23], nephrocalcinosis [231, and chronic
rejection of a transplanted kidney [23, 43]. While in some of
these diseases an impaired secretion of aldosterone has been
suggested as the explanation [40], other findings do not support
that interpretation and point instead to a primary tubule defect
[23, 37—44]. It is noteworthy that a disordered medullary
architecture is characteristic of the foregoing tubulointerstitial
diseases, a setting which might impair medullary recycling of
potassium and decouple the loop and proximal tubule contribu-
tion to the excretion of the acute potassium load.
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